Facts
=====

The presence of a mutation in the huntingtin (*Htt*) gene causes alteration in normal cellular functions, through a gain or a loss of function of the protein.The mutant huntingtin protein (mHtt) is ubiquitously expressed in the body.mHtt aggregates are found in different cell types and can have detrimental effects on these cells, eventually leading to cell death.mHtt has been studied in different *in vitro* models, which have provided significant insights into the mechanisms underlying the toxicity of the protein. However, new models are urgently needed to study the effects of mHtt in non-neuronal cells, which may account for several of the peripheral features now recognized in the disease.

Open Questions
==============

What are the consequences of the expression of mHtt in other brain cell populations and to what extent it contributes to brain degeneration?What is the impact of mHtt expression in different cell populations of the body?What are the interactions of mHtt with proteins associated with other diseases?

Huntington\'s disease (HD) is a devastating neurodegenerative disorder characterized clinically by a triad of movement disorders, cognitive dysfunction and psychiatric problems.^[@bib1]^ The symptoms are generally triggered in mid-life by an autosomal dominant mutation in the huntingtin (*Htt*) gene localized on the short arm of chromosome 4. The abnormal gene presents an extended number of CAG repeats which are translated into a polyglutamine (polyQ) stretch near the N-terminus of the protein.^[@bib2]^ The mutation leads to the formation of intracellular aggregates that are ubiquitously found in the central nervous system and peripheral tissues. The massive loss of GABAergic medium spiny neurons is the pathological feature that has been predominantly studied in HD. However, several other brain structures and neuronal cell populations are also targeted by the pathology often from disease onset, all of which are associated with these protein aggregates. Importantly, a number of peripheral problems are now recognized to be associated with the disease.^[@bib2],\ [@bib3]^

To this day, the focus of investigation of the role of mutant huntingtin (mHtt) to HD pathology has largely been on neuronal elements. Considering the fact that the role of mHtt in non-neuronal tissues has received less attention, we have deemed relevant to review the current knowledge on the role of mHtt protein in a more global perspective, with the expectation to gain a better understanding of the disease. More specifically, we will discuss the development of new cellular tools to characterize the functional and molecular mechanisms underlying mHtt toxicity, with a particular emphasis on its role in cell types other than neurons. We have reviewed the literature from this new angle with the hope of improving the current *in vitro* models, further allowing for better drug screens.

The Htt Protein
===============

Normal Htt
----------

Despite a sizable number of studies, the role of the Htt protein remains elusive and has led to intensive debates. Htt is a soluble protein that is ubiquitously expressed, but is present in higher concentrations particularly in the brain.^[@bib4]^ This cytoplasmic protein is associated with several organelles, microtubules and vesicular membranes, pointing to a role of the protein in intracellular trafficking,^[@bib5]^ exocytosis and endocytosis.^[@bib6]^ Htt is also associated with proteins involved in synaptic functions.^[@bib7]^ It presents antiapoptotic properties and plays a critical role in embryonic development.^[@bib8]^ If overexpressed in various systems (cultured striatal cells, primary cultures from HD mouse models^[@bib9]^ or *in vivo*), normal Htt protects against apoptosis and excitotoxicity.^[@bib9],\ [@bib10]^

mHtt protein
------------

Expanded CAG repeats in the exon 1 of the gene translate into longer polyQ stretches. HD manifests when \>40 CAG repeats are present,^[@bib11]^ the onset of which has, in fact, been reported to inversely correlate with the number of repeats.^[@bib12]^ The polyQ stretch is released following proteolysis and is more toxic when cleaved than when bound to the whole protein. This has been demonstrated *in vivo* in the first developed genetic model of HD, the R6/2 mouse, generated by the expression of 150 CAG repeats of exon 1 of the human *mHtt* gene.^[@bib13]^ The released polyQ stretches trigger the formation of aggregates, as observed in brain sections immunostained for the polyQ domain of the protein.^[@bib14]^ The presence of an expanded polyQ stretch has further been speculated to alter the Htt structure, thereby leading to its cytotoxicity. Although this is the favored hypothesis, others have proposed that longer polyQ stretches are more prone to form insoluble aggregates.^[@bib15]^ PolyQ stretches may be found in the cytosol as soluble proteins that can further form oligomers and fibrillary structures.^[@bib16]^ When a certain threshold in intracellular polyQ concentration is reached, these homopolymers form insoluble aggregates.^[@bib17]^ However, whether the aggregates are cytotoxic *per se* is not clear. In other disease contexts, such as in Alzheimer\'s disease, small oligomers or short fibrillar species are more toxic than amyloid plaques.^[@bib18],\ [@bib19],\ [@bib20]^ The cytotoxic effect of mHtt takes various forms that affect several cellular pathways and functions. The pleiotropic effects of mHtt cytotoxicity have been reported in a number of HD models (*Saccharomyces cerevisiae*, *Drosophila melanogaster*, *Caenorhabditis elegans*^[@bib21]^) and in various cell populations using gene arrays (for review, see Sassone *et al.*^[@bib22]^). The exact mechanisms involved have not yet been unraveled, but it is now well known that post-translational modifications can alter the function of the protein and that the mutated protein interferes with the regulation of gene transcription.^[@bib22]^

The Controversy about the Gain or Loss of Function of mHtt
==========================================================

Gain of function
----------------

The fact that HD is an autosomal dominant disorder argues in favor of a gain of function of the protein, where mHtt is endowed with a novel, albeit deleterious function that is important to HD pathogenesis. In this view, the mutated form of Htt acquires the ability to interact with several proteins^[@bib23]^ (e.g., huntingtin-associated protein (HAP1),^[@bib24]^ huntingtin-interacting protein (HIP1),^[@bib25]^ G-protein-coupled receptor kinase-interacting protein (GIT1),^[@bib26]^ postsynaptic density protein (PSD95),^[@bib27]^ etc.). Both the role of the interacting partners and the mHtt function can thus be modified. It has been shown that longer polyQ tracts can promote their self-cleavage. *In vivo* studies have demonstrated that loss of a single Htt allele is not predictive of the appearance of the pathological phenotype.^[@bib28]^ The presence of the normal allele in pathological conditions does not improve the phenotype, that is, homozygous and heterozygous HD patients are indistinguishable.^[@bib29]^

Loss of function
----------------

The presence of mHtt can also lead to a loss of function followed by impairments of mitochondrial integrity and vesicular trafficking. For instance, mitochondrial motility is altered and the organelle is eventually immobilized in neurons, as seen in HD models.^[@bib30]^ Another important event that is induced by mHtt is the impairment of synthesis and release of brain-derived neurotrophic factor (BDNF), which may significantly contribute to poor neuronal survival.^[@bib8],\ [@bib31]^ The function of normal Htt can further be challenged if sequestered by the mutant protein.^[@bib29]^ Considering its antiapoptotic properties and its role in embryonic development, expression of the normal protein is essential for proper function of the organism. In fact, the conditional knockout of the normal gene triggers neuronal degeneration in the postnatal brain.^[@bib32]^ Interestingly, absence of the expanded CAG repeats leads to enhanced levels of autophagy *in vitro* and through this the removal of mHtt neuropil aggregates.^[@bib33]^ Similarly, the deletion of the polyQ stretch in HD mice provokes a reduction in aggregate formation, an improvement in motor phenotype and longevity.^[@bib34]^ All of this suggests that the presence of the extended polyQ repeat may inhibit the normal function of Htt in autophagy.

Thus, there is evidence for both a gain of toxic function and a loss of normal function of Htt. In HD pathogenesis, the loss of normal Htt function and the response activated by the mutated protein may act in concert and contribute to the development of the disease. There may conceivably be a cross-talk between the two Htt species, which would result in a negative-dominant effect of the altered protein.^[@bib8],\ [@bib35],\ [@bib36]^ The idea that Htt may undergo both a loss and a gain of function is progressively becoming a prevalent view in the literature.^[@bib8]^

*In Vitro* Models
=================

Cell lines and primary cultures
-------------------------------

*In vitro* models are powerful tools to study and understand the hallmarks of any pathology and to dissect the mechanisms through which various neurodegenerative processes take place. They are also invaluable for integrating observations collected *in vivo*. Importantly, the use of different mammalian cell types in the mitotic phase enables to investigate the implications of the pathology in a variety of tissues, including peripheral organs in which the expression and impact of HD pathology is significant^[@bib22]^ and less understood. Several cell lines have thus been used to model the pathological features of HD, such as the non-neuronal human HeLa cells, the human embryonic (HEK293T) and monkey kidney fibroblast cell lines (COS-7) as well as the Neuro2a (N2a) neuroblastoma (mouse) and neuron-like PC12 (rat) cells, a summary of which is presented in [Table 1](#tbl1){ref-type="table"}.

Inducible systems
-----------------

Different inducible cell models of HD have also been developed to study the expression of the mutated gene and the formation of aggregates in a more controlled manner, including the ability to prevent the otherwise inexorable cell death that results from mHtt toxicity. With such regulatable models, the expression and study of the gene is time- and inducer-dependent. Several cell lines have been used for this purpose, mostly with neuronal phenotypes to more faithfully reproduce the different features of HD pathology. These various models are of key importance for the improvement and development of new cell lines and are presented in [Table 2](#tbl2){ref-type="table"}.

What Have We Learned from *In Vitro* Models?
============================================

mHtt proteolysis
----------------

Proteolysis is one of the major events that is triggered in cells coping with the misfolding and aggregation of proteins. PolyQ stretches derived from both the normal and mutated protein may undergo degradation. Although initiation of the aggregation process requires mHtt protein, aggregates can in turn recruit polypeptides with the wild-type polyQ stretch.^[@bib37]^ The mHtt constantly undergoes cleavage by calpains, caspases^[@bib38]^ and metalloproteases, which release smaller N-terminal fragments that can subsequently access the nucleus.^[@bib39]^ Indeed, cleavage inhibition results in reduced mHtt toxicity.^[@bib39]^ Interestingly, in both *in vitro* and *in vivo* models, aggregates are formed more rapidly in cells expressing the truncated form of the mHtt, which carries only the first exon of the gene.^[@bib13]^ Cleavage is also influenced by the number of CAG repeats^[@bib40]^ as well as the cell type used. When *in vitro* expression is limited to the short segment of the protein, the pathological features such as protein aggregation and cell death occur more rapidly, suggesting that the N-terminal portion of mHtt is more toxic than the full-length protein.^[@bib41]^ These results have also been validated *in vivo* in the R6/2 mouse, which expresses the truncated human *Htt* gene. The human HEK293T cells express aggregates when they are transfected with the shorter form of the gene.^[@bib42],\ [@bib43]^ Similarly, it has been observed that full or short forms of the mHtt have different effects in transduced primary cultures derived from mouse E17 embryonic striatal cells.^[@bib44]^ Early post-transduction, most cells expressing the truncated form of the *mHtt* gene develop aggregates. All cells eventually contain inclusions. Conversely, cells harboring full-length *mHtt* express few aggregates. Notably, the aggregates derived from the short form of the *Htt* gene are detected in both the cytosol and nucleus early after transfection. At later stages, aggregates localize exclusively in the nucleus. Cells expressing the full-length gene are characterized by cytosolic inclusions, in contrast with the nuclear localization that is observed *in vivo*, although this may be due to a shorter follow-up of the aggregation process in cultured cells.^[@bib44]^ Importantly, aggregate formation leads to cell death, thus mimicking the pathological features of the disease, as shown both in neuronal primary cultures^[@bib45]^ and differentiated neuronal cell lines^[@bib46]^ such as PC12 cells. However, the expression level of the mutated protein in non-neuronal elements such as in HEK293T cells is not correlated with cytotoxic effects. This may be due to the mitotic status of the cells, which entails a dilution of protein content in daughter cells.

The discovery of mHtt cleavage has been an important milestone in our understanding of the pathological events underlying HD. It has also provided a tool for studying the protein and the aggregation process *in vitro* over brief periods of time corresponding to a few cell cycles, that is, the normal lifespan of a cultured cell. However, it remains difficult to determine the balance between the cleaved and uncleaved forms of the protein, as well as between the soluble and aggregated forms, which are factors that may contribute to a slower appearance of some of the characteristics of the pathology *in vivo*. Indeed, shorter fragments aggregate faster and have higher rates of nuclear translocation. This could be due to the smaller dimensions of the fragments that may more easily be translocated through the nuclear pores. The variable lengths of the mHtt polypeptide species also influence the cellular localization of the protein *in vitro* and thus its cytotoxic effects.^[@bib40]^ Furthermore, the C-terminal domain of the protein has been found within inclusions *in vivo*, but epitopes of this protein fragment can be hidden by other portions of the protein. Thus, it cannot be excluded as a potential event involved in the aggregation process.

Aggregate formation
-------------------

Aggregation is a dynamic process.^[@bib47],\ [@bib48]^ Unlike in normal cells, where the Htt protein is found primarily in the cytoplasm, aggregates are found in both the nucleus and cytoplasm in pathological conditions. However, the consequences of intracellular mHtt accumulation are still highly debated.^[@bib49],\ [@bib50]^ Purified mHtt fragments reveal that shorter polyQ stretches of the protein tend to adopt a *β*-structure (*β*-strand/*β*-turn), whereas longer polyQ chains form more globular structures, similar to those yielded by a fibrillization process. Globular intermediates can further form protofibrils, which ultimately lead to mature fibers. Conformational changes are important determinants of the protein toxicity.^[@bib51]^ Observations collected in a new model of mHtt aggregation, developed in transiently transfected COS-7, have led to the idea of a dynamic four-step process to explain protein aggregation.^[@bib52]^ The *first* phase is the accumulation phase, during which only soluble misfolded monomers are present at low concentrations. In the *second* phase, small oligomers are formed, which remain in equilibrium with monomers. During the *third* phase, nucleation is triggered at one or more cytoplasmic sites (i.e., nucleation centers), ultimately leading to the formation of larger inclusions, the *fourth* phase of aggregation.^[@bib52]^ Normal Htt can also contribute to the formation of aggregates,^[@bib53]^ providing some explanation as to why the normal protein does not buffer the mutated protein and thus cannot have a protective action. In this context, inducible systems may be useful tools to unravel the relationship between dose-dependent expression of mHtt and the formation of aggregates.

However, not all current evidence supports the idea that aggregates are toxic. Arrasate *et al.*^[@bib54]^ demonstrated that neurons die according to the amount of polyQ protein present within neuronal cells in a dose-dependent but time-independent manner.^[@bib54]^ Notably, the authors have demonstrated that dying cells do not always contain aggregates, and that, in fact, the presence of aggregates increases the cell\'s lifespan. Preventing aggregate formation results in a higher percentage of cell death.^[@bib55],\ [@bib56],\ [@bib57]^ These observations have led to the hypothesis that aggregate formation is necessary to sequester pathogenic forms of the protein.

Investigation of the subcellular localization of mHtt in various cell types
---------------------------------------------------------------------------

The most common *in vitro* tools used to study HD pathology are neuronal cell lines. The use of cells that can differentiate and be maintained in a postmitotic phase enables comparison between dividing and non-dividing cells of the same clonal origin. For example, Wyttenbach *et al.*^[@bib46]^ developed a tetracycline (Tet)-ON-inducible PC12 cell line that, in the absence of the inducer doxycycline, expresses the construct at low levels. In this system, undifferentiated cells show aggregates in the cytosol and nucleus while, upon differentiation into a neuronal phenotype, they present only rare occurrences of nuclear inclusions in cell soma or neurites. The expression of aggregates within neurites can further inhibit outgrowth, which then leads to death.^[@bib46]^ These observations have been corroborated in *in vivo* models where aggregate accumulation is observed in dystrophic neurites.^[@bib58]^

The N2a cell line has been very useful to investigate the increased susceptibility of differentiated cells to death. Indeed, the differentiated neurons are seemingly more vulnerable in that respect to the presence of aggregates.^[@bib50],\ [@bib59]^ As described in Pennuto *et al.*,^[@bib60]^ mHtt is also subject to post-translational modifications that can influence the localization and therefore the toxicity of the protein. More specifically, nuclear localization is influenced by phosphorylation of the Ser-13 and Ser-16 located in the N-terminal domain.^[@bib61]^ By point mutation, Havel *et al.*^[@bib62]^ have demonstrated that Ser-16 is essential for both aggregation and nuclear localization, as phosphorylation reduces the affinity of the protein for nuclear pores, which are involved in the nuclear transport pathway. Importantly, striatal neurons of the full-length knock-in (140 CAG) HD animal model show an increased phosphorylation of S16. A recent study, also performed in striatal cell lines (STHdH), has demonstrated the importance of post-translational modifications in the first 17 N-terminal amino acids of the protein in mHtt localization.

Cells are selectively susceptible to the formation of aggregates, not only because of the expression of the full-length or truncated protein but also because of the site of aggregate compartmentalization within the cells. The contribution of intracellular localization and intramolecular interactions to aggregate toxicity remains an important issue to explore.

Protein--protein interaction
----------------------------

Htt has been shown to interact with proteins involved in various cellular pathways. The capacity of mHtt to interact with numerous partners resides primarily in its unique structure.^[@bib63]^ When a mutation occurs and a longer polyQ stretch is present, the protein undergoes conformational changes, culminating in altered or even the loss of protein--protein interactions. The length of the polyQ stretch and its solubility status do not affect protein interactions. However, the presence of aggregates can lead to changes in the distribution and solubility of mHtt-sequestered partners.^[@bib64]^ In fact, essential proteins may be recruited within aggregates and thereby become physiologically inactive, or displaced within the cell, thus impacting normal cellular function.^[@bib65]^ Moreover, aggregate formation triggers the transient recruitment of chaperones (e.g., heat-shock protein-70 and heat-shock protein-40) and proteasomes, potentially as a cellular reaction to remove aggregates.^[@bib66],\ [@bib67],\ [@bib68],\ [@bib69],\ [@bib70]^ Likewise, polyQ-containing proteins are irreversibly trapped, leading to a loss of function. Physiological partners of Htt such as HIP1 or HAP1 may also be sequestered into aggregates.^[@bib64]^

Mounting evidence implicates numerous protein interactions in aggregate formation, a phenomenon also now recognized in different diseases. Importantly, some proteins are consistently identified in aggregates found in various diseases. For instance, *α*-synuclein (*α*-syn), a protein widely associated with Lewy bodies found in Parkinson\'s disease, has been detected in tauopathies, *β*-amyloid plaque and neuritic tangles,^[@bib71],\ [@bib72],\ [@bib73]^ and more recently within mHtt aggregates, as revealed both by *in vitro* and *post-mortem* studies.^[@bib74],\ [@bib75],\ [@bib76]^ The overexpression of the full-length *α*-syn in PC12 cells promotes and increases mHtt exon1 aggregation. Alone, *α*-syn does not aggregate and is not found in mHtt aggregates, suggesting that it rather acts as a seed (or nucleating center) for mHtt aggregation.^[@bib77]^ Using a fluorescent bimolecular complement assay in human neuroglioma cells, *α*-syn and mHtt have been shown to interact and co-aggregate in large inclusions. However, the presence of *α*-syn does not reduce the toxicity of mHtt aggregates.^[@bib78]^ In fact, *α*-syn knockout cells display a decreased number of mHtt aggregates in transfected mouse neurons, likely as a result of increased autophagy.^[@bib76]^ The disease-modifying properties of *α*-syn have been further demonstrated in HD, revealing the contribution of the protein to disease progression. Tau has recently been reported to colocalize in mHtt aggregates.^[@bib79]^ However, the exact role of this interaction is still not clear. More recently, an interaction between optineurin and Htt has been observed in *post-mortem* HD brain tissue.^[@bib80]^ Optineurin is associated with some familial forms of amyotrophic lateral sclerosis and it is ubiquitously expressed both in the brain and in the periphery. In HD brains, optineurin is localized within intranuclear, perykarial and cytoplasmic inclusions. Other studies have reported cytoplasmic localization of optineurin with mHtt inclusions, but not in the nucleus. This might be due to differences in the cerebral areas analyzed.^[@bib81]^ It is not clear whether optineurin contributes to the formation of aggregates, but its interaction with mHtt may indicate an involvement in the etiology of the disease. The identification and characterization of the potential interactions between mHtt and other proteins is crucial for a better comprehension of disease progression. In addition, it may lead to the discovery of new common pathways among diseases and thereby the development of therapeutic strategies that are profitable to a number of pathologies. Development of new cell lines expressing mHtt, along with other proteins found in disease settings, is critical to this purpose.

The Importance of Htt Expression in Non-Neuronal Cells
======================================================

Understanding the pathological role of mHtt is a considerable challenge given its ubiquitous expression in the body. To date, studies have largely excluded the investigation of the potential pathological mechanisms implicated in peripheral abnormalities and have mainly focused on events specific to neuronal cells. However, cellular dysfunction due to mHtt expression and aggregate formation is also prominent in other organs ([Table 3](#tbl3){ref-type="table"} and [Figure 1](#fig1){ref-type="fig"}). Skeletal muscle dysfunction, cardiac failure and weight loss are only a few examples of peripheral symptoms found in HD.^[@bib22]^ It is thus imperative to develop new cellular models that incorporate these aspects of the pathology. To date, the examples are very few with the restricted use of human embryonic kidney (HEK293T) or monkey kidney fibroblast cell line (COS-7). However, these cells are less prone to apoptotic death as compared to cells in the postmitotic phase. The differential susceptibility of various cell types to mHtt cytotoxicity could be due to the differences in their respective cell cycles. Mature neurons, which no longer replicate, have a greater tendency to display aggregates, although there is no correlation between the level of mHtt expression and the rate of cell death *in vivo.*^[@bib82]^

Current knowledge on the role of the Htt protein has provided significant insights into the pathology of HD. However, it is crucial to develop new models based on cells from various peripheral tissues where the pathology is also present, but has heretofore been largely ignored. It is fundamental to understand whether the continuous turnover of proliferating cells can dilute the mutated protein in their progeny, thereby reducing the probability of aggregate accumulation. Another aspect of interest is to evaluate whether neuronal and peripheral cells have different requirements for Htt expression. For example, it has been demonstrated that neuronal populations express various levels of Htt protein.^[@bib83]^ Interestingly, *mHtt* mRNA contents vary between cell types.^[@bib84]^ Accordingly, this may indicate a different mechanism of regulation of mHtt expression. Thus far, various peripheral tissues from HD patients and mouse models such as muscle, blood and adipose tissue have been studied *in vivo*.^[@bib22]^ The peripheral cell populations investigated display several alterations such as transcriptional dysfunction and mitochondrial deficits, which may represent important new hallmarks and potential biomarkers for HD diagnosis. These observations could also lead to important clues related to the pathology in neuronal phenotypes, thus ultimately contributing to the understanding of the disease progression.

mHtt expression in non-neuronal cells
-------------------------------------

Studies conducted in different cell populations from either patients or HD mouse models have revealed a number of abnormalities associated with the expression of mHtt in non-neuronal cell types. In the disease itself, early abnormalities are observed in muscular cells of HD patients.^[@bib85]^ Myoblasts collected from patients show ultrastructural alterations, as well as greater concentrations of mHtt (in either homozygous or heterozygous individuals) when compared to myoblasts derived from normal individuals. Severe mitochondrial alterations that may impact the energy status are also found in these cells. To account for the latter effects, one should keep in mind that mHtt not only interacts directly with organelles, but can also alter transcription. The lower expression and impaired activity of the transcription factor peroxisome proliferator-activated receptor *γ* coactivator 1-*α* (PGC-1*α*), which is involved in the expression of energy metabolism genes, could also be implicated in the mitochondrial dysfunction observed in these cells.^[@bib86]^ Similarly, cultured myoblasts from R6/2 mice show the presence of intranuclear aggregates that mirror the evolution of aggregate formation in *in vivo* brain and muscle tissues.^[@bib87]^ This result suggests a crucial role of mHtt in muscle differentiation, which is further supported by the fact that Htt knockout leads to fetal lethality.^[@bib88]^ Functional deficits have also recently been observed in fibroblasts derived from HD patients.^[@bib89],\ [@bib90]^ These cells, as do brain cells, show an increased formation of autophagic vacuoles, suggesting a potential relationship in the development of the disease between the central nervous system and the periphery. However, there are still several phenotypic differences between neuronal and peripheral cells that may be due, for example, to the kinetics of aggregation or the different microenvironments of these cells.^[@bib90]^

Interestingly, the number of CAG repeats in immortalized R6/2 fibroblasts is highly unstable and translates into changes that correlate with the number of passages. However, cells isolated from newborn mice show more stable numbers of repeats, which may reflect a somatic instability of the CAG stretch.^[@bib91]^ The instability depends on polyQ sequence length, as also demonstrated in lymphoblastoid cell lines derived from HD patients.^[@bib37]^ Other organs are affected during the progression of the disease. Livers of HD patients, as well as R6/2 mice, present aggregates, are atrophied and do not function normally.^[@bib92]^ Hepatic cells (HepG2) overexpressing mHtt show impairment in metabolic pathways and dysregulation of energy homeostasis, likely as a result of sequestration of the PGC-1α transcription factor by mHtt aggregates.^[@bib93]^ The pancreas is also characterized by the presence of mHtt. The pathogenic protein can affect pancreatic vesicular transport as well as insulin production and release.^[@bib94]^ A recent study has demonstrated that the loss of HAP1, a protein usually associated with Htt and involved in synaptic and vesicular insulin release in *β*-cells, could play a major role in the disruption of insulin delivery during HD pathogenesis, both *in vivo* and *in vitro* (e.g., NIT-1 cells).^[@bib95]^

Normal Htt plays an essential role in blood cell production as well. An *in vitro* study has highlighted the pivotal function of normal Htt in the differentiation of embryonic stem into hematopoietic cells.^[@bib96]^ The absence of the normal protein provokes even more profound abnormalities during hematopoiesis, as witnessed by the limited ability of these cells to expand in culture. The authors suggested that the lack of interactions of mHtt with partner proteins such as HIP1, HIP3 and HAP1, may significantly alter their functions in hematopoietic progenitor cells. In addition, alterations in vesicular transport may contribute to abnormalities observed in the absence of Htt. Thus, these data emphasize the importance of the normal protein in hematopoiesis, further suggesting that the presence of mHtt can drastically alter cell behavior. Furthermore, cultured blood cells from HD patients show several aberrations -- including mitochondrial abnormalities^[@bib97]^ and increases in caspase activity, especially caspase-3, -8 and -9.^[@bib98]^ The survival of these impaired cells correlates with the number of CAG repeats in a time-dependent manner. These observations suggest that the level of cellular dysfunction varies according to genotype (i.e., homozygous *versus* heterozygous for the mutant allele).^[@bib99]^ In fact, homozygous lymphoblasts depict large autophagy vacuoles, a hallmark of the disease, in a manner identical to cells with highly expanded and toxic CAG repeats.^[@bib97]^ Interestingly, another upregulated target in HD blood and brain that is affected even at presymptomatic stages is the adenosine receptor A~2A~, involved in inflammatory responses.^[@bib100],\ [@bib101]^ This gene may represent a novel biomarker and therapeutic target for HD. Lymphoblastoid cell lines from HD patients have also been generated to study cell division, and whether it can affect DNA stability. This could also be detected in patients with the juvenile form of HD. The question now is whether a longer polyQ stretch in glial cells, in the aging process, could lead to more extensive brain damage.^[@bib37]^ Additional studies will be required to answer this question, both *in vitro*, using co-culture approaches, as well as *in vivo*.

mHtt expression in brain cell populations
-----------------------------------------

### mHtt expression in astrocytes

mHtt has been found in glial cell populations such as astrocytes.^[@bib102]^ Remarkably, selective overexpression of the mHtt protein in these cells can induce the HD phenotype in mice.^[@bib103],\ [@bib104]^ However, similar overexpression of mHtt by viral infection *in vitro* does not lead to degeneration of astrocytes, although it does in cultured neurons.^[@bib102]^ Astrocytes expressing mHtt display a reactive morphology and exhibit greater cell proliferation and mitochondrial respiratory rates.^[@bib102]^ Chou *et al.*^[@bib105]^ also reported the presence of aggregates within the nucleus and cytoplasm of astrocytes, although the size of the aggregates was smaller than those found in neurons. The latter difference may likely be due, again, to the fact that glial cells maintain the ability to divide, which could slow down the aggregation process by diluting mHtt contents.

Another aspect of paramount importance is the effect of mHtt on normal astrocytic function. In HD, the expression of the glutamate transporter 1 (GLT1) and the glutamate--aspartate transporter (GLAST) is impaired in astrocytes, possibly altering their ability to buffer glutamate excitotoxicity and therefore impacting neuronal survival.^[@bib102],\ [@bib106]^ Rapamycin, a drug that stimulates autophagy, can re-establish the level of GLT1 in primary rat astrocyte culture transduced with an adenoviral vector coding for the N-terminal domain of *Htt*.^[@bib107]^ Abnormal transcription and secretion of chemokine (C--C motif) ligand (CCL5/RANTES) has further been reported in astrocytic cells.^[@bib105]^ This chemokine is responsible for maintaining neuronal activity and neurite development. In fact, primary cultures of astrocytes derived from R6/2 mice show that not only is CCL5 transcription reduced in HD, but there is also an impairment of the chemokine secretory pathways leading to their intracellular accumulation. The impairment of CCL5 secretion may underlie defective neuron--glia interactions.^[@bib105]^ The release of other chemokines or neurotrophic factors by astrocytes could also be defective. It has recently been demonstrated that the expression of mHtt in primary cultures of astrocytes impairs the release of BDNF, disrupting the Golgi complex.^[@bib108]^ The altered release of neurotrophic factors, as well as the release of chemokines, can negatively influence neuronal survival. The evaluation of the release of other factors will be an important aspect to consider in future studies, given the implication of astrocytes in the degenerative processes associated with HD.

### mHtt expression in immune cells

One aspect that has been scarcely explored with *in vitro* models is the immunological component of the disease. PET scan as well as *post-mortem* analyses of HD patients at different stages of the disease have revealed a significant brain immune response.^[@bib109],\ [@bib110],\ [@bib111]^ The presence of pro-inflammatory cytokines has been detected both in the brain^[@bib112]^ and blood, revealing higher levels of interleukin-6 (IL-6) in HD patients.^[@bib113]^ The expression of *mHtt* in microglial cells has been further exemplified by RT-PCR in microglial primary cultures from R6/2 mice,^[@bib114]^ although nuclear inclusions were not observed.^[@bib115]^ The expression of the mutated protein causes neuronal degeneration, which may trigger a local microglial response. A recent study has uncovered an important relationship between cortico-striatal primary neurons expressing the N-terminal domain of mHtt and wild-type microglial cells. In fact, co-culture systems show that morphologically activated immune cells migrate towards the dystrophic neurites rather than the sites of accumulation of mHtt aggregates. The tendency of microglial cells to gather at neuronal processes was further confirmed in slice cultures. However, there is no evidence of a direct contribution of microglial cells to the HD degenerative process *in vitro*^[@bib116]^ where in fact wild-type microglial cells have only been shown to play a supportive role towards neurons transfected with *mHtt*. However, mHtt-expressing immune cells may adopt a different phenotype. Microglia density decreases over time in R6/2 mice and microglial cells display characteristic structural abnormalities (such as process fragmentation^[@bib117]^), abnormal iron metabolism^[@bib118]^ and impairments of the kynurenine pathway.^[@bib114]^ Conceivably, mHtt may not only affect the transcription machinery of microglial cells^[@bib114]^ but also their capacity to impact the neuronal environment.^[@bib116]^ However, the presence of aggregates in microglia themselves has not been reported.^[@bib102]^ This observation could be explained by differential levels of ubiquitin--proteasome system (UPS) activity between neurons and glial cells.^[@bib119]^ Further exploring UPS function in microglial cells would lead to a better understanding of the role of UPS during disease progression, perhaps further revealing a novel target for therapeutic approaches.

Another important aspect that has not been explored yet in HD is the involvement of caspase activation during the inflammatory response driven by microglia cells. Caspase-3 activation occurs not only during apoptosis but also following an inflammatory response.^[@bib120]^ Primary microglial cells from animal models, such as R6/2^[@bib114]^ or yeast artificial chromosome (YAC) mice, could represent an efficacious tool to investigate the mechanisms related to the inflammatory response in HD. In addition, the availability of mouse models, which express caspase-3- and -6-resistant mHtt, may shed light onto the mechanisms related to this aspect of the inflammatory response.^[@bib121]^

### mHtt expression in oligodendrocytes

Impairment in myelin production^[@bib122]^ as well as alteration in white matter are characteristics of HD pathology. PGC-1*α* is an important factor in the transcriptional regulation of cellular metabolism and also plays a pivotal role in early myelination. Importantly, PGC-1*α* is known to be deregulated by mHtt.^[@bib123]^ Primary oligodendrocytes expressing normal or mHtt exhibit a reduced expression of PGC-1*α*, resulting in lower production of cholesterol and myelin basic protein,^[@bib124]^ suggesting the involvement of this protein in the alteration of neuronal myelination in HD. The protective role of PGC-1*α* overexpression against oxidative stress^[@bib125],\ [@bib126]^ and demyelination^[@bib124]^ may offer a therapeutic target for HD.

New avenues for mHtt studies *in vitro*: inducible pluripotent stem cells
-------------------------------------------------------------------------

Despite the development of a number of cell lines, the field is still lacking human neuronal cell lines that can be representative of early neuronal differentiation.^[@bib127]^ Current *in vitro* research on mHtt is moving towards the use of induced pluripotent stem cells derived from either HD murine models^[@bib128],\ [@bib129]^ or from patients.^[@bib127]^ These cells can be easily collected and somatic cell reprogramming can be performed to achieve patient-specific models of the disease.^[@bib127]^ Another report recently demonstrated the feasibility of reprogramming primary fibroblasts from patients. Notably, primary fibroblasts can be easily collected from patients and differentiated into neuronal cells.^[@bib127],\ [@bib130]^ Importantly, mHtt does not impair the process of converting the cells into neuronal progenitors or mature neurons. The cells also show increased and sustainable lysosomal content.^[@bib127]^ These new tools will be essential to better understand how the mutated protein affects neuronal cells in a more physiological manner and to further identify the specific factors responsible for the higher susceptibility of striatal cell populations, for example, to degeneration in HD. In addition, they will also be important means for evaluating new treatments that could translate into patient-specific therapies.

Conclusion
==========

The view that mHtt is an important player in the development of HD has been widely challenged in several *in vitro* and *in vivo* models. When cleaved, the protein releases polyQ fragments which are highly susceptible to aggregate formation, and of which the exact role is still highly controversial. mHtt has several interacting partners that affect the cell physiology in various and complex ways. The identification of proteins interacting with mHtt will certainly provide new clues to the pathological mechanisms involved in HD.

The development of cellular models of the disease from yeast, cell lines and primary cultures has led to an improved understanding of HD pathology. Taken together, these models have revealed that cultured cells are more susceptible to the presence of the pathological form of the protein when the latter is overexpressed, whereas physiological expression leads to more subtle changes. With a better understanding of the features observed in HD, it is becoming increasingly clear that the study of peripheral cells could provide new insights into the neuronal pathology, as events that take place within peripheral tissues may be reminiscent of the abnormalities observed in the brain. Differences in pathological patterns have already been reported between cell types. These differences may be attributed to their specific microenvironments, to differential protein expression or kinetics in protein aggregation, which differ between cell types.

*In vitro* studies have also allowed the identification of new elements involved in the toxicity of the Htt protein, which may be used as new targets to develop alternative therapeutic approaches. Finally, adequate *in vitro* models will be essential in answering crucial questions about the reversibility of HD pathology as well as for testing novel therapeutic compounds.
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![Schematic representation of various peripheral cell types involved in the pathogenesis of HD and the putative mechanisms that affect normal cell physiology and functions according to the data reported in mice and human tissues, as well as in cell models. Skeletal and heart muscle cells show mHtt aggregate formation that could interfere with mitochondrial functions and disrupt actin and myosin microfilament networks. Endocrine dysfunction may affect pancreatic cells or adipose tissue. Abnormal functions resulting from these changes could impact on disease development and contribute to symptoms such as weight loss. Blood cells, such as monocytes and lymphocytes, display pathological features that are accompanied by an increased inflammatory response and release of proinflammatory cytokines (e.g., interleukin (IL)-6, IL-4, tumor necrosis factor (TNF)-*α*). Abbreviations: UPS, ubiquitin--proteasome system; ER, endoplasmic reticulum; Q, polyglutamine stretch; Ins, insulin; PGC-1*β*, peroxisome proliferator-activated receptor *γ* coactivator 1](cddis2012121f1){#fig1}

###### Examples of current HD *in vitro* models

  **Cell lines**                                             **Constructs**                                                                 **Aggregate localization**   **Observations/Results**                                                                                                                                   **References**
  ---------------------------------------------------------- ------------------------------------------------------------------------------ ---------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------
  HEK293T                                                    Q15 and Q128                                                                   Cytoplasm and nucleus        Toxicity is more affected by the rate of aggregate occurrence than their localization                                                                      Hackam *et al.*^[@bib43]^
  SK-N-SK                                                    pFlag-GFP exon 1-Q21 or Q72 and co-transfection with full-length *Htt*         NA                           Full-length Htt reduces cell death in mHtt-expressing cells, but has no effect on inclusions                                                               Ho *et al.*^[@bib131]^
  PC12                                                       Full-length *Htt* 16Q, 48Q, 89Q                                                NA                           mHtt expression leads to cell morphology changes Disruption of cellular signaling is mediated by NGF and EGF                                               Song *et al.*^[@bib132]^
  N2A and HEK293T E15--E16 murine primary cortical neurons   Q15 and Q47-Flag tag                                                           NA                           *β*-sheet structure of mHtt results in aggregate formation and cellular toxicity                                                                           Poirier *et al.*^[@bib50]^
  ST14A                                                      Httex1Q*n*-GFP (*n*=25, 47 or 72Q)                                             NA                           Probability of a cell remaining aggregate-free drops exponentially with time                                                                               Colby *et al*.^[@bib133]^
  COS-7 or SH-SY5Y                                           Q58 (lentivirus)                                                               Cytoplasm and nucleus        Cytotoxic effects of soluble polyQ oligomers                                                                                                               Takahashi *et al.*^[@bib134]^
  N2a                                                        pEGFP-C3-exon 1 20Q or 150Q                                                    Cytoplasm                    mHtt leads to inhibition of neurite outgrowth Higher cell death in mHtt-expressing cells                                                                   Ye *et al.*^[@bib135]^
  N2a                                                        Q25 and Q46 fused to Cerulean or Emerald tag                                   NA                           Kinetic of aggregate formation                                                                                                                             Olshina *et al.*^[@bib136]^
  SH-SY5Y                                                    *mHtt*-60Q or 150Q-EGFP expressed alone or coexpressed with ATP synthase *α*   NA                           ATP synthase *α* suppresses the formation of insoluble Htt polyQ inclusions and reduces the toxicity induced by Htt polyQ                                  Wang *et al.*^[@bib137]^
  COS-7                                                      EGFP-tagged exon 1 with 25, 46, 97Q                                            Cytoplasm                    Dynamic process of aggregate formation Suggestion of a four phase process in inclusion formation                                                           Ossato *et al.*^[@bib52]^
  HC2S2                                                      EGFP-*Htt* exon 1-28Q or 74Q                                                   Cytoplasm and nucleus        mHtt-expressing cells show nuclear fragmentation and neuritic degeneration that are time-dependent Absence of cell death when cells are undifferentiated   Dong *et al.*^[@bib138]^
  Rat primary striatal neurons                               pGW1-Httex1-(Q17, Q25, Q47, Q72 or Q97)                                        NA                           Investigate different antibodies to label mHtt and its various forms                                                                                       Miller *et al.*^[@bib139]^

###### Examples of current HD *in vitro*-inducible systems

  **Cell lines**   **Constructs/inducible systems**                              **Aggregate localization**                       **Observations/Results**                                                                      **References**
  ---------------- ------------------------------------------------------------- ------------------------------------------------ --------------------------------------------------------------------------------------------- -------------------------------
  NG108-15         Full-length or truncated *Htt* gene under Tet promoter        Time-dependent nuclear aggregation               Formation of cytoplasmic and nuclear inclusions is time- and polyQ length-dependent           Lunkes *et al.*^[@bib140]^
  N2a              Expression of exon 1 under muristerone A-inducible promoter   Nuclear aggregates                               Postmitotic cells are sensitive to aggregates in a dose- and time-dependent manner            Wang *et al.*^[@bib59]^
  ST14A            EGFP-tagged exon 1 under Tet-ON promoter                      No formation of aggregates 72 h post-induction   Transcription dysregulation                                                                   Sipione *et al.*^[@bib141]^
  PC12             EGFP-tagged exon 1 under Tet-ON promoter                      Nuclear and neuritic localization                Greater susceptibility of postmitotic cells Inhibition of neurite out growth                  Wyttenbach *et al.*^[@bib46]^
  PC12             EGFP-tagged exon 1 under Tet-OFF promoter                     Nuclear and neuritic localization                Cell death and transcriptional dysregulation                                                  Igarashi *et al.*^[@bib142]^
  PC12             EGFP-tagged exon 1 under ecdysone-inducible promoter          Nuclear and neuritic localization                Rapid cell death 1 day post-induction                                                         Aiken *et al.*^[@bib143]^
  HN10             Truncated or full-length *Htt* in the RheoSwitch system       Nuclear localization                             Aggregates from truncated form are more toxic than from full-length in differentiated cells   Weiss *et al.*^[@bib144]^

###### Aggregate expression and peripheral dysfunctions

  **Peripheral tissues**   **Consequences of mHtt expression in human**                                                                                                                                                                                                     **Consequences of mHtt expression in HD animal models**                                                                                                                                                                                                                                                            **Examples of** ***in vitro*** **studies**
  ------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------
  Digestive tract          Weight loss Loss of neurons producing ghrelin (Podolsky *et al.*^[@bib145]^)                                                                                                                                                                     Patchy distribution of aggregates in the gastric tract (Moffitt *et al.*^[@bib146]^)                                                                                                                                                                                                                               Epithelial cells (Garewal *et al.*^[@bib147]^)
  Muscle                   Muscular atrophy (Turner *et al.*^[@bib85]^)                                                                                                                                                                                                     Uniform muscular atrophy, but no apparent symptoms usually associated with muscular pathology (Ribchester *et al.*^[@bib148]^)                                                                                                                                                                                     Myoblasts isolated from HD patients show mitochondrial dysfunction and increased susceptibility to apoptosis (Ciammola *et al.*^[@bib149]^)
  Endocrine system         Impairment of insulin secretion Atrophic cells and nuclear inclusions (Smith *et al.*^[@bib94]^)                                                                                                                                                 Aggregates in *β*-cells (Moffitt *et al.*^[@bib146]^)                                                                                                                                                                                                                                                              Insulinoma cell line (INS-1E) (Boesgaard *et al.*^[@bib150]^)
  Testes                   Decrease in testicular atrophy in germ cells (spermatocytes and spermatids) High mHtt expression levels (Van Raamsdonk *et al.*^[@bib151]^)                                                                                                      Loss of testicular weight after 9 months in YAC128 mice Atrophy in 4-week-old R6/2 mice (Van Raamsdonk *et al.*^[@bib152]^)                                                                                                                                                                                        NA
  Blood                    Abnormal immune response Increased production of IL-4, IL-5, IL-6, IL-8, IL-10 and TNF-*α* (Björkqvist *et al.*^[@bib113]^) Increased susceptibility to apoptosis and mitochondrial abnormalities in blood cells (Almeida *et al.*^[@bib153]^)   Monocytes and macrophages from the R6/2 mice challenged with LPS show a stronger immune response (Björkqvist *et al.*^[@bib113]^)                                                                                                                                                                                  HD patient lymphoblast cell lines (Cannella *et al.*^[@bib37]^)
  Heart                    Heart failure Altered autonomic innervation; arrhythmia; development of coronary heart disease (Sassone *et al.*^[@bib22]^)                                                                                                                      Heart failure caused by accumulation of pre-amyloid oligomer; infiltration of inflammatory cells before disease development (Pattison *et al.*^[@bib154]^) Cardiac atrophy starting at 6 weeks of age (Sathasivam *et al.*^[@bib155]^) Mitochondrial dysfunction and oxidative stress (Mihm *et al.*^[@bib156]^)   Cardiomiocytes from pluripotent stem cells (Yoshida *et al.*^[@bib157]^) Primary culture from neonatal mice (Sreejit *et al.*^[@bib158]^)
